To investigate the cellular mechanisms underlying the negative force-frequency relationship (FFR) in the ventricle of the varanid lizard, Varanus exanthematicus, we measured sarcomere and cell shortening, intracellular Ca 2ϩ ([Ca 2ϩ ]i), action potentials (APs), and K ϩ currents in isolated ventricular myocytes. Experiments were conducted between 0.2 and 1.0 Hz, which spans the physiological range of in vivo heart rates at 20 -22°C for this species. As stimulation frequency increased, diastolic length, percent change in sarcomere length, and relaxation time all decreased significantly. Shortening velocity was unaffected. These changes corresponded to a faster rate of rise of [Ca 2ϩ ]i, a decrease in [Ca 2ϩ ]i transient amplitude, and a seven-fold increase in diastolic [Ca 2ϩ ]i. The time constant for the decay of the Ca 2ϩ transient () decreased at higher frequencies, indicating a frequency-dependent acceleration of relaxation (FDAR) but then reached a plateau at moderate frequencies and did not change above 0.5 Hz. The rate of rise of the AP was unaffected, but the AP duration (APD) decreased with increasing frequency. Peak depolarization tended to decrease, but it was only significant at 1.0 Hz. The decrease in APD was not due to frequencydependent changes in the delayed inward rectifier (IKr) or the transient outward (Ito) current, as neither appeared to be present in varanid ventricular myocytes. Our results suggest that a negative FFR relationship in varanid lizard ventricle is caused by decreased amplitude of the Ca 2ϩ transient coupled with an increase in diastolic Ca 2ϩ , which leads to incomplete relaxation between beats at high frequencies. This coincides with shortened APD at higher frequencies. action potential; calcium; diastolic Ca 2ϩ , IK1; IKr; Ito; reptile; sarcomere shortening HEART RATE IS AN IMPORTANT determinant of cardiac output, and chronotropic changes have long been known to influence the force generated during a cardiac contraction (7, 53). The change in force production and contractility with increasing heart rate, or contraction frequency, is termed the force-frequency relationship (FFR) (14, 43) and can be classified as positive, primary-phase negative, secondary-phase negative, or overall negative (14). In mammals, the shape of the FFR varies with species, temperature, and even between cell populations within the same ventricle (17). Rodents tend to be more variable in this regard, while larger mammals generally show a positive FFR. Among ectotherms, most fishes show a negative FFR (40, 41, 43) , while frogs and reptiles (including turtles, lizards, and snakes) tend to show a secondary-phase negative response that is flat or positive at low frequencies and negative at high frequencies (12, 18, 37) . With the exception of fishes (26), the cellular mechanisms underlying FFR in other ectothermic animals, including reptiles, have not been studied.
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Changes in force development are directly related to changes in the intracellular Ca 2ϩ transient (54) . The Ca 2ϩ transient is the transient rise and fall of cytosolic Ca 2ϩ that links excitation of the myocyte membrane to contraction of the myofilaments through a process known as excitation-contraction (EC) coupling (2-4). Calcium enters the myocyte through voltage-gated L-type Ca 2ϩ channels (I Ca-L ) and triggers further Ca 2ϩ release from the sarcoplasmic reticulum (SR) ryanodine receptors (RyR) that then activates the contractile machinery. Relaxation occurs when Ca 2ϩ is either pumped back into the SR via SR Ca 2ϩ -ATPases (SERCA) or across the sarcolemma via the Na ϩ /Ca 2ϩ exchanger (NCX). The contribution of each component to EC coupling depends on factors that include metabolic state (30) , species (1), temperature (39) , ontogeny (23) , and tissue type (atrial or ventricular) (50) . EC coupling mechanisms in vertebrate ectotherms are variable in regard to the relative importance of the SR as a source of activator Ca 2ϩ . Turtles and amphibians show little or no SR involvement (6, 20, 46) , while SR Ca 2ϩ contribution is variable in fishes (28, 41) and lizards (6, 18, 21) . Recent work on single myocytes from V. exanthematicus, a lizard with a comparatively large aerobic scope and enhanced cardiovascular function (24) compared with other reptiles, has shown that the SR contributes ϳ35% of the Ca 2ϩ to the Ca 2ϩ transient, with the NCX and the I Ca-L making up the remainder (21) . It has also been previously shown in muscle strip preparations that the varanid lizard ventricle shows a negative FFR (18) .
In the present study, we investigated the FFR in isolated ventricular myocytes from the varanid lizard, V. exanthematicus with the following aims: 1) to characterize the FFR, using sarcomere and cell shortening as indices for contractility, 2) to measure changes in intracellular Ca 2ϩ in response to changes in frequency, and 3) to determine whether changes in the action potential (AP) and associated K ϩ channel currents contribute to the FFR.
Our results suggest that a negative FFR relationship in varanid lizard ventricle is caused by decreased amplitude of the Ca 2ϩ transient coupled with an increase in diastolic Ca 2ϩ , which leads to incomplete relaxation between beats at high frequencies. This coincides with shortened action potential duration (APD) at higher frequencies. We discuss these results in the context of cardiac function and the FFR in vertebrates, generally, and reptiles and lizards, in particular.
MATERIALS AND METHODS
Animal origin and care. Savannah monitor lizards, V. exanthematicus, (mean Ϯ SE body mass ϭ 67.26 Ϯ 3.34 g and heart mass ϭ 294.4 Ϯ 16.9 mg; n ϭ 9) were obtained from Monkfield Nutrition (Hertfordshire, UK) and held in a large terrarium with basking lamps and access to a temperature gradient from 20 to 35°C for behavioral thermoregulation with a 12:12-h photoperiod. They were fed daily and had free access to water and shelter. Our protocol was approved by, and all procedures were made in accordance with, United Kingdom Home Office regulations.
Solutions. The solution used for isolating lizard ventricular myocytes was the same as described previously for turtles (20) and contained the following (in mM): 100 NaCl, 10 KCl, 1.2 KH2PO4, 4 MgSO 4, 50 taurine, 20 glucose, and 10 HEPES. The pH was adjusted to 6.9 with KOH. For enzyme digestion, this solution also contained 1.5 mg/ml collagenase (Type 1A), 0.5 g/ml trypsin (type IX), and 1.5 mg/ml fatty acid-free BSA.
Unless otherwise noted, the composition of the extracellular solution was the same for all experiments and contained the following (in mM): 150 NaCl, 5.4 KCl, 1.5 MgSO4, 0.4 NaH2PO4, 2 CaCl2, 10 glucose, and 10 HEPES. The pH was adjusted to 7.7 with NaOH. This solution is identical to similar studies of turtles (20) and a previous electrophysiological study of varanid cardiomyocytes (21) . All drugs were obtained from Sigma, except where indicated. Pipette solutions for AP measurements contained (in mM): 140 KCl, 5 MgATP, 0.025 EGTA, 1 MgCl2, and 10 HEPES. The pH was adjusted to 7.2 with KOH. The pipette solution used in K ϩ current recordings was identical to that in the AP recordings, except that it contained 5 mM EGTA. While recording K ϩ currents, the extracellular solution always contained TTX (0.5 M), CdCl (200 M), and glibenclamide (10 M) to inhibit Na ϩ , Ca 2ϩ , and ATP-sensitive K ϩ channels, respectively (27) . Ventricular myocyte isolation. The method for isolating ventricular myocytes from varanid lizards was similar to that previously described for turtles and lizards (20, 21) . The lizards were decapitated, and their hearts were removed, weighed, cannulated through the right aortic arch, and retrogradely perfused with enzyme/BSA-free isolation solution at 30°C with a flow rate of 0.5-1 ml/min. This temperature was found to maximize the yield of viable cells from each preparation and was within the range of temperatures that the lizards experience while housed at the university. After 10 min, the heart was perfused with the enzyme/BSA solution (see above) for an additional 20 min. The heart was then removed, and the ventricle was cut away from the atria and placed in fresh isolation solution. Ventricular tissue was then carefully cut in half midsagitally with scissors and gently shaken to liberate the dissociated myocytes. The cells were transferred to a clean centrifuge tube containing fresh isolation solution and were stored at room temperature and used within 8 -10 h.
Measurements of sarcomere and cell shortening. Sarcomere length was recorded from field-stimulated myocytes perfused with extracellular solution on an inverted microscope (Nikon Diaphot) with an attached charge-coupled device camera (WAT-902B, Watec, Japan). The video was digitized (MU510; IonOptix, Milton, MA) and processed with Ionwizard 6.0 software (IonOptix), where the average sarcomere length within the user-determined window was measured by averaging the periodicity of the Z-line density based on the fast Fourier transform algorithm. The kinetics of shortening were further analyzed using Clampfit 9.2 software (Molecular Devices) and included sarcomere shortening velocity, diastolic length, percent change in sarcomere length, and time to 50% relaxation. Each cell was stimulated to contract 12 times at each frequency. The middle six contractions were averaged for analysis. Cells were only selected if they possessed clearly defined sarcomeres with a resting length above 1.8 m and contracted in unison with the stimulation pulse.
Measurements were made at stimulation frequencies of 0.2, 0.3, 0.5, 0.8, and 1 and again at 0.2 Hz. The mean length of cells measured in this study was 165 Ϯ 10 m (means Ϯ SE; n ϭ 8 cells from 4 animals). The effects of stimulation frequency on cell shortening was also quantified as the difference between systolic and diastolic cell length measured from one end of the myocyte (26) .
Measurements of intracellular Ca
2ϩ . The effects of stimulation frequency on [Ca 2ϩ ]i were measured using fura-2 dual-excitation, single-emission ratiometric imaging in field-stimulated isolated ventricular myocytes (n ϭ 7 cells from 3 animals). After preincubation in 5 M fura-2 AM for 15 min at room temperature, isolated ventricular myocytes were transferred to a perfusion bath mounted on an inverted microscope (Nikon Eclipse), and perfused for 2-3 min in extracellular solution (see above). The cells were alternately excited at 340 and 380 nm with a xenon arc-lamp and monochromator, and a 510-nm emission was detected with a photomultiplier (Optoscan Fluorescence System, Cairn Research, Kent, UK). Amplifier outputs were digitized (Digidata 1440; Axon Instruments, Sunnyvale, CA) and analyzed with software (PCLAMP 10; Axon Instruments). Recordings were made in cells stimulated at 0.2, 0.3, 0.5, 0.8, 1.0, and 0.2 Hz.
The fura dye was calibrated as previously described for trout cardiomyocytes (42) . Briefly, fura-loaded cells were perfused with extracellular solution containing 2 M rotenone, 5 M carbonyl cyanide m-chlorophenyl-hydrazone, 5 mM sodium iodoacetate, and the Ca 2ϩ ionophore 4-bromo A23187. For determination of the fluorescence intensity ratio at maximal Ca 2ϩ binding (Rmax), the solution also contained a total of 2 mM CaCl2. For determination of the ratio at zero Ca 2ϩ binding (Rmin), the solution was nominally Ca 2ϩ -free and contained 10 mM EGTA. All ratiometric data were converted to [Ca 2ϩ ]i using Kd ϭ 336 nM (31) and the equation of Grynkiewicz et al. (25) .
Measurements of APs and K ϩ currents. The effects of stimulation frequency on APs and K ϩ currents were measured with whole-cell current and voltage-clamp techniques, respectively. An Axopatch 200B amplifier equipped with a CV 203BU head-stage was coupled through a Digidata 1200 to a PC-running pCLAMP 9 (Axon Instruments). Myocytes were superfused in a recording chamber (RC-24, Warner Instruments) with EC solution at a rate of 1-2 ml/min at room temperature (ϳ21°C). Borosiliciate pipettes had a resistance of 2.50 Ϯ 0.06 M⍀ when filled with pipette solution. After rupturing the patch, the cell-capacitive currents were compensated. Mean series resistance and capacitance were 10.3 Ϯ 1.2 M⍀ and 41.9 Ϯ 3.2 pF, respectively (n ϭ 17 cells from 4 animals).
Action potentials were recorded in current clamp mode and were elicited by 2-ms depolarizing pulses at 0.3, 0.5, 0.8, 1.0, and 0.3 Hz. Potassium channel recordings were obtained by adapting protocols previously used by Vornanen and colleagues (27, 49) in rainbow trout cardiomyocytes. The presence of the delayed inward rectifier channel current (I Kr) and the transient outward K ϩ (Ito) were investigated with a series of seven prepulses between Ϫ80 and ϩ60 mV in 20-mV steps, as described previously (19) . For measurement of background inward rectifier K ϩ current (IK1), 1-s repolarizing voltage ramps from ϩ30 mV to Ϫ120 mV were applied at 5-s intervals in the presence and absence of 500 M BaCl 2. The final IK1 was calculated as the difference between the two treatments. Signals were analyzed offline using Clampfit 9.0 software (Axon Instruments).
Statistical analysis. One-factor repeated-measures ANOVA was used to determine whether stimulation frequency affected any of the measured variables. When the data were not normally distributed, repeated-measures ANOVA on ranks was used. Student-Newman Keuls post hoc tests were used to elucidate differences when they were detected. Data were considered significant when P Ͻ 0.05. Statistical computations were carried out using SigmaStat 3.5 (Systat Software, Chicago, IL).
RESULTS

Effects of stimulation frequency on sarcomere and cell shortening.
To assess the effects of stimulation frequency on the contractility of isolated myocytes, we measured sarcomere ( Fig. 1; solid (Fig. 1B) . Diastolic sarcomere length decreased nearly linearly and was significantly reduced at 0.3 Hz (Fig. 1C) . Sarcomere shortening, expressed as a percentage change from diastolic length, was significantly decreased (P Ͻ 0.05) only at the two highest frequencies, indicating a secondary-phase negative FFR (Fig. 1D) . The time to 50% recovery of sarcomere length decreased with frequency and was significant (P Ͻ 0.05) at 0.5 Hz, after which the rate continued to decline significantly (Fig. 1E) . This change is, in part, attributed to the decrease in diastolic sarcomere length. All sarcomere shortening variables were completely reversible upon return to 0.2 Hz except diastolic sarcomere length, which remained at a length equal to that observed at 0.3 Hz.
Cell shortening velocity (Table 1) was also unaffected (P Ͼ 0.05) by frequency, while cell shortening as a percent change decreased linearly (P Ͻ 0.05) with increased frequency, indicating a negative FFR at this level of the myocyte. The recovery of cell length was similar to sarcomere length and was significantly decreased (P Ͻ 0.05) at 0. Letters that differ indicate statistical differences (P Ͻ 0.05). (Fig. 2C ) significantly increased (P Ͻ 0.05) with frequency until 0.8 Hz. In the face of these changes, tau (), the time constant of decay of the Ca 2ϩ transient, decreased significantly (P Ͻ 0.05), with increased frequency until 0.5 Hz, after which it remained constant (Fig.  2E ). This indicates an initial enhancement of Ca 2ϩ extrusion that reaches an upper limit of the cell's ability to extrude intracellular Ca 2ϩ under the conditions of our study. The decrease in with increased frequency also shows that varanid lizard ventricular myocytes exhibit the phenomenon known as frequency-dependent acceleration of relaxation (FDAR). The effects of frequency on all measured variables related to Ca 2ϩ showed varying degrees of reversibility upon return to 0. Effects of frequency on action potential and K ϩ channels. To determine whether changes in the AP underlie the negative FFR observed, ventricular APs from 0.3 to 1.0 Hz were recorded using the whole cell current clamp technique ( Fig. 3; closed circles indicate mean values while increasing frequency). As frequency increased, APD measured at 50% and 90% repolarization (Fig. 3E ) significantly decreased (P Ͻ 0.05). Peak depolarization tended to decrease with increasing frequency (P Ͼ 0.05) but was only significant at 1.0 Hz (P Ͻ 0.05). Stimulation frequency did not affect resting membrane potential (V m ) or the rate of rise of the AP (P Ͼ 0.05; Fig. 3 , B and C).
To investigate some of the currents responsible for decreased APD with increasing frequency, we sought to measure the effect of frequency on I Kr and I to densities. However, protocols previously used to isolate I Kr and I to in tuna (19) failed to evoke a tail current (indicative of I Kr ) or an initial peak after the depolarizing test pulse (indicative of I to ), leading us to conclude that neither are present in varanid cardiac myocytes (data not shown).
In addition to the time-dependent K ϩ currents, we investigated the background inward rectifier I K1 and verified its presence as an important repolarizing current in varanid ventricular myocytes (Fig. 4) . However, I K1 will not contribute to frequency-dependent changes in APD because it is a timeindependent current. In aggregate, these results suggest other ion currents are involved in the frequency-dependent change in APD in varanid hearts. 
DISCUSSION
The aims of this study were to characterize the FFR in unloaded isolated ventricular myocytes from varanid lizards at physiological frequencies and to determine how changes in intracellular Ca 2ϩ and the AP might account for our observations. Sarcomere and cell shortening were confirmed as good indices of contractility as the negative relationship observed in the present study correlates with the negative FFR previously seen in stimulated ventricular strips from this species under similar conditions (18) . In addition to this finding, our study showed the following: 1) the negative FFR correlates with a frequency-dependent decrease in the Ca 2ϩ transient amplitude and rise slope and an increase in diastolic [Ca 2ϩ ] i, 2) the decay constant of the Ca 2ϩ transient decreases and the rate of sarcomeric relaxation increases with increased frequency, and 3) although APD is reduced with increasing frequency, it is not due to changes in I Kr or I to . Our data suggest that the negative FFR and decreased [Ca 2ϩ ] i amplitude may be related to a limitation in the Ca 2ϩ extrusion mechanisms, i.e., SERCA and the sarcolemmal NCX that leads to diastolic Ca 2ϩ accumulation. All parameters measured in a frequency-dependent manner showed total or nearly complete reversibility, indicating run-down was not responsible for the pattern of changes observed.
Comparisons with other ectotherms. This is the first investigation into the cellular FFR in reptilian cardiac myocytes and only the second of vertebrate ectotherms, the other being in trout (26) . Like varanid lizards, the trout ventricle shows a negative FFR in both muscle strips and isolated myocytes (12, 13, 26) . Isolated trout ventricular myocytes also show many qualitative similarities to varanid lizard myocytes in response to increased frequency, including decreases in resting length, Ca 2ϩ transient amplitude and APD, and an increase in diastolic [Ca 2ϩ ] i (26) . One important difference between the varanid lizard and trout is that the former shows frequency-dependent acceleration of relaxation (FDAR), an important regulated phenomenon of mammalian cardiomyocytes (11) required to attain high heart rates. In mammals, FDAR results from a phospholambanindependent enhancement of SERCA function (11, 29, 33, 47) Letters that differ indicate statistical differences (P Ͻ 0.05).
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that decreases and relaxation time. The presence of FDAR in varanid lizard ventricular myocytes is not surprising given that this species is capable of high heart rates (compared with other ectotherms) and utilizes SR Ca 2ϩ to a greater extent than the rainbow trout (21). The FDAR described in the present study provides a mechanistic explanation for the varanid lizard's ability to attain maximal heart rates that are higher than other vertebrate ectotherms (24, 52) .
AP changes with frequency. Our inability to detect I Kr or I to suggests that they are not present in varanid ventricular myocytes, indicating other ion currents probably account for the shortened APD at high frequencies. The absence of a I Kr tail current in varanid lizard ventricular myocytes is consistent with the same finding in turtle ventricular myocytes (45) , suggesting its absence is a general feature of reptiles. It is not, however, a feature of all lower vertebrates, as I Kr has been well characterized in the hearts of bluefin tuna (19) and rainbow trout (27, 49) , in which the same methodology was used. To our knowledge, I to has not been documented in any ectothermic species and is somewhat variable in mammals, evoking a long or short APD phenotype, depending on species and anatomical region of the heart (35, 38) . In some species, such as the guinea pig, I to is absent entirely (48) .
Other currents that are likely to be involved in APD regulation are the L-type Ca 2ϩ channel current (I Ca-L ) and the slow delayed rectifier K ϩ channel current (I Ks ) (9, 36) . Indeed, reduced I Ca-L with increased frequency has been associated with shorter APD in ventricular myocytes from failing human hearts (32) and from trout (26) , both of which show negative FFR. I Ks is an important modulator of APD in mammalian cardiac myocytes (36) , but this current has not been identified or characterized in ectothermic myocytes.
Vornanen et al. (49) suggest the complete inhibition of I Kr by low concentrations of E-4031 (a specific I Kr inhibitor) and inward rectification due to rapid inactivation indicate that the delayed rectifier current of trout atrial and ventricular myocytes is almost exclusively carried by I Kr and not I Ks . However, since I Kr appears absent in reptilian cardiac myocytes, I Ks may play a more significant role in the varanid AP and frequency modulation. Further research into the underlying ion channels responsible for the AP configuration in varanid lizards will answer these questions more thoroughly.
Causes removal mechanisms are operating maximally at stimulation frequencies greater than 0.5 Hz under the conditions of our study. This raises the question: What limits the removal mechanisms at high frequencies in the varanid myocyte? Further research is required to address this question, but we discuss some key possibilities briefly below.
The first factor limiting Ca 2ϩ efflux could be intracellular Na ϩ accumulation. As frequency increases, Na ϩ entry through voltage-gated Na ϩ channels increases and can accumulate in (17) . Canine heart also increased aNa ϩ at high frequencies (8) . It is possible that the slight but significant hyperpolarization in myocytes returning to 0.3 Hz from 1.0 Hz in the present study is due to Na ϩ -K ϩ -ATPase stimulation caused by a transient Na ϩ accumulation (51) . There are no other data available to evaluate this mechanism, but given the similarities between trout and varanid lizards so far, it seems plausible that Na ϩ accumulation is involved.
The second factor is SERCA activity, which could be operating maximally at higher frequencies in the absence of stimulation by catecholamines. Even without PKA-dependent phosphorylation of phospholamban, high diastolic Ca 2ϩ could increase SERCA pumping rate by activation of CaMKII (11, 34) , but this pathway has yet to be investigated in ectotherms, and the present data do not suggest a large role.
Third, the reduced time at diastolic membrane potentials at higher frequencies would limit Ca 2ϩ extrusion via forwardmode NCX. Indeed, when diastolic [Ca 2ϩ ] i is plotted against the percent time at resting membrane potential, calculated as {1-[(APD 90 )/(period at each frequency)] ϫ 100}, the positive correlation is impressive (Fig. 5) . However, more experimental evidence is required to confirm the mechanistic causes of Ca 2ϩ accumulation.
Regardless of the mechanism by which it increases, our data suggest that elevated diastolic [Ca 2ϩ ] i plays a key role in the negative FFR. Contractility is directly related to the amplitude of the Ca 2ϩ transient, 65% of which is transarcolemmal and 35% is SR in origin in this species at 20 -22°C when paced at 0.2 Hz (21). Ca 2ϩ release from both sites has been shown to be subject to some form of Ca 2ϩ -dependent inactivation in mammals (9, 15, 16, 44) and could lead to the frequency-dependent reduction in [Ca 2ϩ ] i transient amplitude and rise slopes. A role for incomplete recovery from inactivation of the I Ca-L between beats at high frequencies seems unlikely as complete recovery is achieved in ϳ300 ms in this species (21) . Further experimental work is required to test this directly.
Perspectives and Significance
There are always concerns when projecting findings from isolated myocytes to the working heart in vivo. However, the fact that we observed a negative FFR at the level of the isolated cardiomyocytes strongly suggests intrinsic cellular pathways may be responsible for the previously reported observations at the tissue level (18) . Our experimental frequencies were chosen because they represent in vivo heart rates of varanid lizards near the temperature that we studied them (20 -22°C). At 25°C, varanid lizards have a resting heart rate of 0.4 Hz and a maximum of 0.85 Hz (10) . Stroke volume at maximal heart rate is 60% higher than at rest, which, combined with the heart rate changes, leads to an approximate tripling of cardiac output. Therefore, the reduction in contractility observed in isolated cardiomyocytes and in muscle strips (18) at high frequencies does not correlate with whole animal cardiac function. It is likely that under conditions when maximum heart rates are achieved, such as with exercise, some extrinsic factor plays a role in maintaining cardiac contractility. Under such conditions, there is likely to be significant ␤-adrenergic stimulation that could increase I Ca-L or SERCA activity or decrease the myofilament sensitivity to Ca 2ϩ (22) , which would probably increase resting length to promote more diastolic filling. Adrenaline increases force production in ventricular strips from varanids (18) and in ventricular trabeculae from trout (40) . Its specific effects in isolated ventricular myocytes require further study. Unfortunately, any study of adrenaline is complicated by the lack of any in vivo measurements of plasma catecholamines from varanids.
